Rapid and accurate methods are becoming available to calculate all of the relevant physical effects that contribute to an EDXRF spectrum, rather than just the characteristic line intensities given by the traditional fundamental parameters method. To evaluate the utility of such methods, we have calculated the full spectra of several compounds covering a wide range of compositions. The calculated spectra are compared directly with measured spectra. They include scattering of the X-ray tube lines and continuum, the Compton profile, and the detector response. Our results indicate that it is now possible to compute the full spectrum from an EDXRF system with very good accuracy.
INTRODUCTION
Traditionally, analysis of Energy-dispersive X-ray Fluorescence (EDXRF) spectra has involved three steps [1] . First the spectrum is processed to identify and isolate the peaks from each individual element that appears in the spectrum. The net intensity under each peak is then calculated from the spectrum. Finally, quantitative analysis uses these net intensities to determine the composition of the specimen. The spectral processing is mostly empirical, with little or no physical knowledge or modeling incorporated.
There are several reasons that calculation of the full spectrum is desirable. There is a definite relationship between the intensities of the peaks across a given series of lines for a single element. Accounting for these relationships allows better fitting of the series of peaks. Trace element peaks are often hiding in the tails of other, larger peaks. Calculating the full spectrum allows better location and extraction of such small peaks. The identification of each peak and assignment to one (or more) elements is facilitated if multiple lines from each element are used. The availability of a full-spectrum calculation makes this possible. The background can be estimated from the calculated spectrum, providing a physics-based background model that should be a better global fit than smoothed or other empirical backgrounds. Finally, the extra information put in the full-spectrum calculation, such as Rayleigh and Compton scatter, can be used to obtain information about the sample thickness or light element matrix. Both the relative intensities of elemental lines and the background shape depend on the sample composition, the instrument, and the measurement conditions. This makes a full-spectrum calculation necessary to take advantage of them.
CALCULATIONS
There are a variety of physical effects that enter into the spectrum measured in the detector of an EDXRF apparatus. We will divide them into four main groups: characteristic emission by the elements in the specimen, scattered primary radiation, the primary spectrum, and instrumental effects. Within each group are several processes to be taken into account. The following list is not comprehensive but attempts to include all of the major effects. Those listed in italics will not be included in these calculations. For the characteristic emission lines, the main effect is direct excitation by the primary radiation. Secondary excitation by the emission of other elements is also a significant effect. Tertiary and higher excitations are also present but are neglected and are a few percent at most [2] . The relative number of vacancies in the L and higher series is modified by Coster-Kronig transitions. Cascade effects can enhance the number of vacancies in the L series if K lines are excited, and similarly for other series. Photoelectrons from light elements (such as carbon, nitrogen, and oxygen) have sufficient energy to excite other analyte elements. This is more important when these light elements are major components and monochromatic excitation is used. Scattered primary radiation includes both Rayleigh (elastic) and Compton (inelastic) scatter. Compton scatter is complicated by a wavelength shift which is broadened by Doppler shift from the electron momentum distribution. Multiple interactions were not included, for an estimate of their importance see Tirao and Stutz [3] . For the primary spectrum, characteristic lines generated by direct electron excitation and by absorption of the Bremsstrahlung continuum were included in addition to the emitted continuum. All of the instrument effects arise from the detector system. Efficiency factors from window and dead layer transmission and from active layer absorption were calculated. Escape peaks were also included in the spectrum. There were no optical elements in the incident or detected beams, and incomplete charge collection and effects of the pulse processing electronics were ignored.
The primary spectrum was obtained using the prescription of Ebel [4] . Generation of additional line intensity from absorption of the continuum was included using the term from Finkelshtein and Pavlova [5] . Those authors indicate that this effect is rather strong for a rhodium anode and we found that our results were improved by including it. The form of the equations for primary and secondary fluorescence was taken from Tertian and Claisse [6] . The fundamental parameters used in all aspects of the calculations were taken from the Elam, Ravel, and Sieber database [7] . Coster-Kronig transitions were included as described by Lábár [8] and cascade effects were added based on the intensity of each lower-series line that produces the vacancy. Rayleigh cross-sections were taken from the RTAB database of Kissel [9] and doublydifferential Compton cross-sections were calculated in the relativistic impulse approximation [10] . Detector efficiency and escape peak amplitudes were calculated using the absorption crosssections. Gaussian broadening was applied to all peaks. The peak width was independent of energy. Attempts to use an energy-dependent peak width with a typical value for the Fano factor resulted in peaks that were too wide at higher energy.
No adjustable parameters were used in any of the calculated spectra. All calculations employed known information about the sample and the instrument. The solid angle (geometric factor) for this instrument was taken from a set of previous results used to evaluate the standardless quantitative analysis capabilities [11] .
MEASUREMENTS
Measurements were made on one metal alloy, one oxide, and one plastic for comparison to the calculations. The alloy was RA 333 supplied by Brammer standards and was measured as received (a disc with polished flat surface). The oxide was Standard Reference Material SRM 1412 multicomponent glass. It was measured on a fresh fracture surface, which was found to make about a 10% difference in the sodium Κα peak intensity. The plastic was a flat piece of polymethyl methacrylate (PMMA) sheet, measured without preparation. All measurements were made on an EDAX Eagle III spectrometer with a rhodium anode X-ray tube operated at 40 kV, a 1 mm aperture, and a liquid-nitrogen-cooled Si(Li) detector. The certified compositions of the RA 333 alloy and SRM 1412 are given in Table I , together with the nominal composition of PMMA. The PMMA sheet did not have any elemental peaks detectable within the spectrum and served as a test of the scatter part of the calculation. 
RESULTS
The following figures show the comparison between the calculated and measured spectra. There were no adjustable parameters in any of the calculated spectra. The vertical scale is counts in absolute units both for the measurements and calculations. The measured spectra are plotted in blue and the calculations in red, with the calculations behind the measurements. With the measured spectrum plotted over the calculated spectrum, the differences between the two are shown wherever the red, calculated spectrum is visible.
In figure 1 , the left column (a, b, c, and d) is the RA 333 Ni alloy and the right column (e, f, g, h) is the SRM 1412 glass. The top plot in each column is the overall spectrum. In the lower panels, specific areas of the spectrum are enlarged to show details so that the agreement could be evaluated. In areas not shown the agreement is basically perfect. The areas enlarged (from top to bottom) are the scatter from the Rh K lines (b and f), the background under the peaks (c and g), and the region containing the scatter from the Rh L lines (d and h). 
DISCUSSION
As can be seen from Figure 1 a and e, the overall agreement of the calculated spectra with the measurements is excellent. Since this is a linear plot and the main peaks are all elemental characteristic lines, this is mostly a test of the accuracy of the fundamental parameters method. This method has been shown to exhibit excellent accuracy in standardless analysis. The neglect of peak tailing is not evident on a linear scale. However, the ability to predict absolute count rates is a significant advantage of this work and any errors in net intensity due to peak tailing are small. A slight adjustment of the geometric factor (of a few percent) would improve the agreement at the peaks.
A more stringent test is found in Figure 1 b and f, where the details of the Rh K scatter are shown. In Fig. 1c , it is evident that the peak width is too narrow in the calculation relative to the measurement. The split between the Rh K-L2 and K-L3 Rayleigh lines can be seen in the calculation but not in the measurement. The other peaks are also a bit too narrow. Except for a too-narrow detector broadening, the overall shape of the Compton peak is well reproduced by the calculation. This would not be possible without using a doubly-differential cross-section with Doppler broadening. Note that the amplitudes of both Compton and Rayleigh scatter of both K-L and K-M lines are excellent, with small differences from the measurement attributable to the error in detector energy width.
The ability to accurately calculate the background is shown in Figure 1c and g. Note that the shape and amplitude of the background underlying the peaks is well reproduced. Again, no adjustment was made to the background relative to the peaks. This implies that both the scatter cross-sections and the continuum contribution to the primary spectrum are fairly accurate. The neglect of peak tailing can be seen at the bottom of the strongest peaks on this scale. This phenomenon has been well described by Sholze and Procop and will be included in future calculations. The detector shelf can also be seen at the lowest energies. This low-energy shelf, which is proportional to the intensity in the remainder of the spectrum, is due to photoelectrons entering the detector from photons absorbed in the electrode and dead layers [12] and to Compton backscatter of photons which then leave the detector after depositing only a fraction of their energy [13] . Its neglect in these calculations is the largest error in the calculated background. It is not trivial to include but will be the subject of future effort. Figure 1 d and h the calculated intensity of the Si K-L2,3 (Kα) peak is too low. This is probably an error in the fundamental parameter database. The clear visibility of this error is an advantage of this type of comparison. Further, the scatter peak from the Rh L-series is not well reproduced in Figure 1 d (RA 333 alloy). There is a pronounced peak in the calculation due to both Rayleigh and Compton scatter (unresolved) that is barely visible in the measurement. However, the corresponding peak is correct in Figure 1 h (SRM 1412 glass) and in Figure 2 a (PMMA). The source of this error in the RA 333 calculation is still unknown. Again, this type of calculation makes such errors readily apparent. Note the Cr escape peak, which is properly calculated.
In Figure 2 , the scatter spectrum from PMMA is very well reproduced by the calculation. Note again the continuum background is very well done. There is some disagreement in the intensity in the energy range 10 to 18 keV, just below the Rh K lines. It is not clear whether this is due to neglect of detector shelf and tail effects or minor errors in the primary spectrum. The scatter peaks in Figure 2b also show the effect of the detector broadening being too narrow, but otherwise agree well with the amplitude and shape of the measurement.
CONCLUSIONS
EDXRF spectra can be modeled with reasonable accuracy with no adjustable parameters, provided appropriate models for the scatter cross-sections and primary spectrum are used. Adjusting a few parameters will make the accuracy comparable to current "standardless" methods for the element characteristic peak intensities and the peak to background ratios. The main focus for improvement is in the detector models, especially the tail and shelf regions.
